The debridement treatments of dental implants are very important in longterm maintenance after implant placement in a patient. Deposition of periodontal pathogens around the implant surface has a high risk of causing periimplantitis. The aim of this study was to evaluate the extent of elimination of Porphyromonas gingivalis, known as representative periodontopathic bacteria, from titanium, which has been the main material used for dental implants. Assuming that the debridement processing of dental implants removes periodontal bacteria, one of the methods for removing bacteria deposited on titanium is considered to be plasma irradiation. Irradiation with atmosphericpressure plasma was carried out against periodontopathic bacteria cultured and deposited on the surface of a titanium disk. After the plasma irradiation, the reduction of the number of bacteria re-cultured for 24 hours was evaluated. The number of viable bacteria on the titanium surface was estimated by an ATP-bioluminescent assay. Viable cells after the plasma irradiation were reduced to 1.5% or less compared to the untreated group. As one of the methods of debridement in general dental treatments, atmospheric-pressure plasma has proved to be an effective method to remove adverse prognostic factors in dental patients.
Introduction
Titanium is the most popular material for oral and orthopedicbone implants [1] [2]. The advantages of its mechanical properties and biocompatibility including osseointegration capability with human tissues are the reason for its wide use in the world [3] [4] [5] [6] . Due to the adherence of periodontopathic bacteria, however, there are infection problems associated with titanium implant abutments and fixtures [7] [8] [9] .
Peri-implantitis is defined as an inflammatory process affecting the function of tissues around an osseointegrated implant, resulting in loss of supporting bone [10] . Peri-implant inflammation is thought to occur under various conditions, such as the degradation of corrosion resistance, contamination on the implant surface, and implant overloading causing peri-implant bone resorption, interacting with each other.
Although multiple factors can contribute to implant failure, an increasing number of studies point to the detrimental effect of anaerobic plaque bacteria on peri-implant tissue health [11] . Studies have shown similarities in the microflora from implant or tooth sites [12] [13] [14] [15] . High levels of periodontopathic bacteria including Porphyromonas gingivalis are said to be one of the major etiologic factors in human periodontitis [16] [17] . These pathogens are frequently detected in peri-implantitis sites as well [18] . In an earlier in vitro study, the initial attachment of oral bacteria on titanium surfaces was investigated [19] . The results showed that comparatively large amounts of P. gingivalis and other periodontopathogens adhered to titanium, even with a polished surface. These findings indicate that there is a considerable risk of adhesion by periodontopathic bacteria to titanium implants.
The procedure of debridement generally aims to remove plaque accumulated inside the periodontal pocket by using manual equipment [20] [21] or ultrasonic waves [22] . In this study, revolutionary physicochemical methods, such as coldplasma treatment, are the reported methods used in attempts to eliminate periodontopathic bacterial layers deposited on the titanium surface. Atmosphericpressure plasma treatment is the usual method of surface modification, which is an effective means on the material surface for changing the element composition, surface wettability, and surface physicochemistry [23] [24] . The short operating time holds the potential for chair-side application for dental treatment. The effect of eradication of periodontopathic bacteria by plasma irradiation was compared with that by chemical agents.
The aim of this study was to consider the debridement effect by applied at mospheric-pressure plasma on selected periodontopathic bacteria cultured on titanium.
Materials and Methods

Specimen Preparation
Commercial pure titanium (Ti, JIS Grade 2, Tokyo Titanium, Saitama, Japan) disks that were 13 mm in diameter and 1 mm in thickness were used. The Ti disks were subjected to the sandblasting and acid-etching treatment described below. The disks were perpendicularly sandblasted on both sides from a distance of 10 mm with 150-μm alumina particles (White morundum, Showa Denko, Tokyo, Japan) at an air pressure of 0.4 MPa by a sandblaster (330750, JELENKO Whirlwind, Morrisville, USA). Subsequently, the sandblasted Ti disks were etched with a mixture of 36% hydrochloric acid (HCl) and 96% sulfuric acid (H 2 SO 4 ) for 3 minutes at 70˚C [25] . Before use in experiments, all specimens were ultrasonically cleaned with acetone, ethanol, and distilled water for 10 minutes, followed by sterilization in an autoclave for 15 minutes at 121˚C (200 kPa). All specimens were aseptically stored in desiccators for 1 week before use.
Bacteria and Culture Conditions
For plate cultures, the bacteria tested in this study were grown on plates con- ; Wako Pure Chemical Industries, Osaka, Japan). The precultured colony was inoculated into a liquid broth and incubated for 2 to 4 days under the conditions described above. Before viable bacterial cell count measurement, 100 μL of the above liquid culture was inoculated into 1 mL of a fresh liquid broth. After bacterial cultivation in anaerobic conditions at 37˚C continued for a further 1 hour, each 200 μL aliquot of bacterial fluid was placed on a titanium disk to start culturing for1 hour under the liquid culture conditions described above. After one more hour of cultivation, specimens with the bacterial fluid were removed from the anaerobic chamber just before a decontamination operation, the fluid was wiped off using sterile gauze, and then the specimens were irradiated by atmospheric-pressure plasma. After plasma irradiation was applied over a titanium disk, another 200 μL aliquot of fresh bacterial fluid was put as a replacement on the titanium disk, and the specimens were cultured for 24 hours in anaerobic conditions at 37˚C as described above.
Physical Disinfection by Plasma Irradiation of Titanium Contaminated with Bacteria
Atmospheric-pressure plasma treatment was performed using a plasma-surface modification apparatus (NJZ-2820, Nagano Japan Radio, Nagano, Japan) at room temperature for 10 to 20 seconds. This operation time was determined from the time required for the plasma flare to sufficiently scan the entire titanium surface. Furthermore, the irradiation position of the apparatus was de-cided such that the flare would hit the bacterial layer on the titanium surface.
Two distances (6 mm and 8 mm) from the titanium surface were examined. To determine the optimal irradiation time of plasma, experiments were also conducted under two different conditions (10 s and 20 s).
Chemical Disinfection of Titanium Contaminated with Bacteria
The following two kinds of chemical disinfectants are commonly used in dental treatments, and they were examined in comparison with the plasma treatment.
Titanium disks were immersed for 2 minutes in the final 0.05% Hibitane aqueous solution (Sumitomo Dainippon Pharma Co., Ltd., Tokyo, Japan), whose main component is chlorhexidine gluconate, a disinfectant used for surgery. Other disks were immersed for 2 minutes in 10% NaOCl (Wako, Osaka, Japan), used as a chlorine-based disinfectant, followed by chloride washing with sterile water.
Viable Bacterial Cell Count
The number of bacteria cultivated over the disk surface was estimated by an ATP-bioluminescent assay using a commercial kit (BacTiter-Glo Microbial Cell Viability Assay kit, Promega, Madison, WI, USA). After 24 hours of incubation with bacteria in an anaerobic condition at 37˚C described above, all of the bacterial fluids on the disks were recovered in individual plastic tubes, and the disks were washed with an equal volume (200 µL) of BacTiter-Glo reagent to remove cells bound to the titanium surface. All of the washed solution was added to the fluid recovered just before and they were briefly mixed; then, ATP activity in the solution was measured using an auto lumicounter (Model 1422EX, Microtec, Funabashi, Japan), and the relative luminescence was determined. In our recent experiments, a standard curve of ATP activity versus colony-forming unit (CFU) obtained by traditional plating methods was established for the periodontopathic bacterium. According to our previous paper, this relationship was very reproducible within the CFU range of 1 × 10 5 to 1 × 10 8 [26] . All assays were performed using triplicate samples of each material in at least two different experiments.
Statistical Analysis
All data are expressed as the mean ± standard deviation (SD). Comparisons between multiple groups were done using one-way or two-way ANOVA followed by a post hoc Tukey's multiple comparisons test. All data were analyzed using Prism 6.0 (GraphPad Software, CA, USA) for Windows. P values less than 0.05
were considered statistically significant.
Results and Discussion
Proliferative Ability of Antimicrobial Bacteria That Were Exposed to Aerobic Conditions
In order to investigate the viable bacterial count of anaerobic bacteria, they need to be exposed to oxygen several times during cultivation for convenience in experimental operations. Therefore, resistance to oxygen was first examined when the bacteria were exposed to oxygen.
Precultured P. gingivalis was taken out from an anaerobic box and exposed to an aerobic atmosphere for 5 to 10 minutes. After being cultured again under anaerobic conditions for 24 hours, the number of viable bacterial cells was counted. In the case of aerobic exposure for 5 minutes, 95.9% viable cells remained; in the case of aerobic exposure for 10 minutes, 95.3% viable cells remained. Therefore, when cultivated again for 24 hours immediately after the bacterial fluids were exposed to an aerobic atmosphere for up to 10 minutes, it was found that the reduction of the viable cell count subsided to within 5% or less (Figure 1 ). This reduction rate seems to be sufficient not to disturb the examination of the debridement effect in this study since the exposure time in experimental operations is 10 minutes or less.
Debridement Effect on the Periodontal Pathogen Porphyromonas gingivalis by the Application of Atmospheric-Pressure Plasma Treatment
In order to maximize the debridement effect by plasma irradiation, the influence of operating conditions with regard to irradiation distance and time on cell reduction was investigated. Two distances (6 mm and 8 mm) between the titanium disk and plasma flare were examined. The plasma irradiation time against the periodontopathic bacteria cultured on titanium was also investigated, with two durations tried (10 s and 20 s). With respect to the irradiation distance, both applied conditions well reduced the viable cell count of the bacteria. All tested groups brought a significantly greater reduction of viable cells than the control group (p < 0.001). Figure 2 shows that the closer the distance, the higher the debridement effect. The effect of eliminating the bacteria was significantly higher when the distance between the disk and flare was closer, when plasma irradiation was performed on the titanium surface for either 10 or 20 seconds (p < 0.001). In the experimental groups with the distance of 6 mm, it was found that the longer the irradiation time, the higher the debridement effect (p < 0.001).
Finally, in the conditions where the plasma flare distance was 6 mm and the irradiation time was 20 seconds (6 mm/20 s), bactericidal debridement was the most effective. It is the ultimate goal of surgery for embedding dental implants to provide long-term oral function in a biologically good condition. In this study, dental Figure 2 . Debridement effect by application of atmospheric-pressure plasma. The optimal distance between flare and disk and the optimal irradiation time were examined. Two distances (6 mm and 8 mm) from the titanium surface were examined. Consideration was given to irradiation time, with two durations tried (10 s and 20 s). The standard deviation is expressed by the bar. Asterisks indicate p-values that were considered to be statistically significant (*: p < 0.001). debridement by atmospheric-pressure plasma irradiation has shown the potential for clinical application as an effective method to reduce the prevalence of implant periodontitis.
